Analytical chemistry has often been a difficult subject to teach in a classroom or lecture-based context. Numerous strategies for overcoming the inherently practical-based difficulties have been suggested, each with differing pedagogical theories. Here, we present a combined approach to tackling the problem of teaching analytical chemistry, with particular emphasis on inherently practice-based cohorts such as pharmacists. A composite visual, 10 interactive, didactic and practical approach is presented, in which students are able to fully engage with the teaching/training materials within numerous contexts. From unit evaluations, Student-staff liaison committee feedback and an analysis of marks issued from virtual learning environment quizzes, the enthusiasm of the students for such an approach is found to correlate with their understanding of the topic. The broad outline of the course is included as an example.
INTRODUCTION
As a subject, analytical chemistry remains a challenging yet vital part of the curriculum 1 , in which students are taught to understand the mechanisms through which analytical techniques function, as well as being expected to interpret and gain quantitative data from a range of methods. It is therefore important that students not only receive this tutelage, but also understand the nature of the techniques considered, and their relative merits and 30 applications. 2 Indeed, analytical chemistry courses form the foundations of future laboratory work, which is undertaken during the programme of study and beyond. It is therefore of paramount importance that the material is appropriate, and that the students engage sufficiently with the course in order to retain the main points and apply these practically. 3 Therefore, the major aim of this report is to disseminate these practices towards analytical chemistry teaching, and present student feedback and recorded examination data as supporting supplements for 35 the teaching methodologies used.
In Chemical Manipulation, published in 1827, Faraday described the requirements of a standard laboratory, and informed readers of the importance of chemical apparatus methodology within the skill-set of a self-respecting experimentalist. 4 It was in this context that Faraday first highlighted the importance of being comfortable with experimental and practical knowledge, in addition to pure theory. Indeed, he paved the way for modern analytical 40 chemistry teaching by encouraging the duality of a course structure, and also developed the interest of the students individually outside the laboratory, before introducing them to the instruments of their future careers.
The nature of Faraday's work was also being developed in the America. Scholars had understood the importance of not only teaching respectable experimental methodologies, but also the associated analytical and critical skills; precision and accuracy in chemical testing. Indeed, the authors of an early 20th century US textbook promoted the 45 use of laboratory standard texts and manuals as key pedagogical tools in the understanding of chemical analysis.
This went as far as considering the benefits of diagrams as learning aids, concluding that students provided with graphical instructions in combination with text, demonstrated a much improved performance over those limited to text-only manuals.
5
It is now common practice to include a variety of formats in laboratory manuals for ease of use, but also described by behaviourists in education for many years. 12 In this approach to learning, students are rewarded or corrected based on their behaviour, with the enforcement of positive behaviour via further reward. Corrections lead to a reduced likelihood of repeated behaviour, whereas the reward of positive behaviour results in a tendency to behave similarly in the future. This method of learning is particularly prevalent in terms of practical studiesthe subject to be learnt is described initially, followed by a practical demonstration, and finally by the learners 70 repeating the process themselves. Feedback in the context of reinforcement and reward leads to the student appreciating the correct manner of proceeding in the practical worktask.
12
In addition to providing a medium to learn the theory and practice of analytical techniques, by nature an analytical chemistry laboratory course also concentrates on the mathematical and statistical elements of analysis. 13 It has been found that setting a significant portion of mark descriptors to skills involved in gauging accuracy and 75 precision leads to more careful work and thought-out manipulations in the students' methodologies. 14 This is often the major contributing mark to post-laboratory reports, the practical component usually being preceded by an introductory sheet of questions or simply information to alert the students to the task and what is expected of them. Another technique currently showing excellent uptake and receiving positive feedback from learners is the use of videos in practical instruction and a lecture-based context. 15 Whereas in the late 1990s and early 2000s,
5
In terms of an entire module, as is often the case in analytical chemistry undergraduate programme structures, the importance of "why to how" connection is evident. Indeed, providing lecture-based material which is then built upon in different settings provides learners of all categories with the opportunity to engage with the syllabus, as well as reiterating similar information in multiple settings, and thereby incorporating the repetitive element described above. 20 The combined course described herein includes elements from these pedagogical strategies,
90
together with novel and more progressive reasoning from recent years.
Herein is presented a combined analytical chemistry lecture and practice-based course, delivered to cohorts of 110 students of mixed ability, and predominantly from a diverse ethnic background. The majority of students follow the common course from advanced level secondary education through to university, with a minority being mature students and those from professional backgrounds. This course is delivered in the second year of a Pharmacy 95 programme, and builds upon basic analytical science presented to the students in the first year. Students already have exposure to simple techniques such as IR and titration experiments, but have yet to undertake a dedicated analytical topic within a module. The subject is presented with a more defined practice-based approach, where each technique is intrinsically linked to its pharmacological or pharmaceutical uses, with quantitative and qualitative examples provided. Throughout the discussion, the term module is used to refer to a particular 100 collection of related topics, grouped together to form part of a credited, stand-alone unit of assessment. The module referred to in the context of this course is valued at 30 credits out of the 120 for the year two total, of which 25% of this is attributed to the analytical portion.
The students follow the course across the second semester of the year, having had basic training in analytical mathematics from an 'in-house' service at De Montfort University, Leicester, which offers free mathematics Figure 1 . Analytical Chemistry course cycle through which students begin with two lectures, followed by a tutorial and two additional lectures before participating in the associated 4 hour laboratory class.
The carousel depicted in Figure 1 is repeated three times in order to encompass the 12 lectures, three laboratory 115 classes and tutorials. The lectures are designed to build upon each technique, giving the cohort a wide perspective on available analysis methodologies and their applicability to the work they are performing and current research being undertaken. The cycles and progression of subjects is described in Table 1 . The students begin with a series of lectures on UV/Vis spectrophotometry and Fluorescence spectroscopy, where the ideas from electronic absorption spectroscopy are developed into the emission theory of the fluorescence component of the course.
120
Each lecture is similarly formatted, giving the students a uniform field in which to learn the basics, theory, and advantages/disadvantages of each technique. They are first guided through the basic theory of each method, where they are presented with the advantages and disadvantages of the technique as a summary. In addition to this, following the presentation of the basic analytical methodology, each technique features a well-documented video of 2-6 minute duration, which contains animations/diagrammatic representations to facilitate the learning process.
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Indeed, numerous sources have highlighted the merits of employing videos/animations as a pedagogical tool, 21 and this is particularly pertinent to the field of analytical chemistry, where videos and animations provide the students with an additional viewpoint and information which is inherently difficult to transfer through powerpoint slides. 22 These short videos serve the purpose of discussing key concepts in bite-size sections, and in combination with the practical demonstration videos, offer an entirely new perspective on the analytical techniques being 130 studied.
The lectures build upon the basic theory to explore spectral profiles and data obtained from the application of each technique and/or method involved. This is not only referred back to relevant examples, but data obtained is also analysed with respect to its validity and applicability. Additional details of selected lecture content are included in the Supplementary Information. The benefits and drawbacks associated with each method are therefore reinforced 135 through this process, these first being introduced in the advantages/disadvantages section of each lecture. Each lecture features an element of student participation, a process which has been shown to break up the monotony of traditional academic-led lecture styles, and also invigorate student cohorts. Indeed, students engaging in so-called active learning have been shown to exhibit greater subject retention than those engaged in passively oriented classes. 23 During this lecture series, students were requested to contribute with clicker style exercises to questions,
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as well as live demonstrations. These often took the form of props, which students would use to illustrate concepts. For the mass spectrometry lecture element, volunteer students used foam dart guns to shoot high energy electron moieties onto a large supramolecule created with the Orbit molecular building system. They thought of the darts as electrons, and after removing sections, were able to reconstruct this and hence deduce the molecular structure.
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Tutorial sessions take place after the initial two lectures in each cycle, most especially to allow the students to have dedicated time with the academic teaching the topic. The cohort of 110 was split into 5 groups of 22, and each were scheduled individually with the academic leading the lecture course on this topic, and there were opportunities for the students to ask questions and engage with the ideas in a quieter context. The tutorials for techniques that were to be used in the laboratories featured question sheets and tasks to complete in the session 150 and a talk through with the academic involved. This gave students the onus to complete their understanding of the ideas presented in the lectures. Tutorials on the more advanced analytical techniques featured demonstrations in the small groups on the relevant equipment or facilities featured. For example, students in their groups of 22 spent some time in the mass spectrometry laboratory, being shown the pathway from unknown sample to characterisation. They asked questions and had the opportunity to discuss the relative merits and applications of 155 the technique with the senior technician in charge of the facility.
The ideas raised in the lectures and tutorials were then put into practice in the labotatory classes during the final laboratory element of each cycle. Here, the students were provided with exercises in each of the techniques described in Table 1 . Each technique is designed to build upon the ideas and theory described in lectures, all the time providing conceptual relevance to the field of Pharmacy, via exercises involving the characterisation and 160 analysis of drugs and unknown samples. The entire cohort attends each session: it is only in the laboratory that they are split into groups in order to make effective use of the equipment available. b All students had the opportunity to work with chromatographic equipment, either gas or HPLC. Students using the chromatographic equipment were split into two parts within the groups; half used the GC, half used the HPLC. Upon completion, students formulated a joint HPLC and GC report, which contained information from both groups. A similar strategy is used for NMR and MS. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 introduction to the theory associated with the analytical technique, which is then followed by some examples of data output from application of the technique featured to simple analytes. Case studies complete each lecture, where an entire experimental methodology is described from beginning to end, and which highlights both the qualitative and/or quantitative nature and analytical advantages of each technique.
175
Titsworth and Kiewra briefly discussed the importance of uniformity in lecture style in learning and retention from a student perspective. 24 Indeed, numerous studies have shown that maintaining a consistent approach to presenting information enables the students to subconsciously retain particularly relevant and important points. 25 Once the basic information and data interpretation sections have been discussed, students are presented with at least two case studies, showcasing the relevance of the particular analytical technique to the programme of study.
180
These case studies consist of at least one quantitative and one qualitative element, which describe to the students the multipolar approach available to them with each technique (Figure 2 ).
The subject of mathematical application to analytical science has often been discussed in terms of pedagogy. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 context, 27 together with those suggesting that personal solitary work shows greater rates of success. 28 Within the 185 remit of this course, students are expected to develop sufficient skills to understand the theory behind the methods available to them, but also to confidently apply analytical methodologies to the analysis of data acquired and draw reasonable conclusions from these. This provides an important step in their developments as scientists, and as such requires much consideration in terms of a pedagogical approach.
A combined attitude was undertaken regarding teaching the quantitative skills necessary to being a competent the learning of concepts that they will encounter later in the course.
200

RESEARCH METHODS
The aim of this work was to offer a balanced perspective on the practice of teaching analytical chemistry in the context of an undergraduate MPharm pharmacy course, providing educators in other institutions with examples of 205 a system that has already generated positive student feedback. The feedback is used to inform the course design, and selected student grades provide an alternate perspective to the nature of teaching of the course. The main purpose of obtaining student feedback has often been regarded as a means of enhancing their experience of learning and teaching. Indeed, this can also be extended to the monitoring of standards of teaching and ensuring high quality learning experiences for the cohorts involved. Feedback can also highlight good practice, contribute 210 to staff development, and facilitate dialogue with students. The feedback obtained throughout the course of this work pertains only to students undertaking this module and therefore the topic concerned.
Students provided feedback 'in class', which was recorded at the mid-point of the lecture series on analytical chemistry through a stop-start-continue exercise. This allowed for mid-point feedback to be put into action during 215 the second half of the teaching module involved, and prior to its completion within the module. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 post-it note, where they wrote "stop", "start", and "continue" on individual lines. They then proceeded to detail the aspects of the teaching they wished to cease (stop), any practice which they would like to see implemented (start), and examples of good practice they wished to see carry through to the end of the topic within the module 220 (continue). Feedback was taken at the end of the lecture midway through the topic, and students were requested to not limit their opinions to lectures, but to extend this to tutorials and laboratory classes also. The feedback was
collected with an open-ended method, and this allowed students to describe their feelings relating to the teaching and material within this topic of the course. In the interest of clarity, broadly similar comments were regrouped into the themes described in Table 2 .
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Statistical Analysis
Linear and polynomial regression statistics were performed using the XLSTAT2016 software module option. This software was also employed to perform one-way analysis-of-variance (ANOVA) in order to determine the significance of any differences in mean mark values between groups featuring increasing numbers of students
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(22) within tutorial groups. However, it was found that the intra-group variances (s i 2 ) significantly differed between groups (i.e., they were heteroscedastic); this was confirmed by highly significant Bartlett's and Levine's test statistics (p values 2.90 x 10 -3 and 3.60 x 10 -4 respectively). Therefore, we employed the Welch ANOVA and Brown-Forsythe F ratio test models rather than standard ANOVA, since these approaches have no requirement for the homoscedasticity assumption when performing ANOVA evaluations. Prior attempts to homogenise these 235 intra-group variance values, including log 10 -, square root and cube root transformations, were unsuccessful.
RESULTS AND DISCUSSION
Conceivably, a study of this type could ask questions such as "to what level has the teaching in this topic positively affected the students' performance on this module"? Or alternatively "what was the level of student satisfaction for this model of teaching analytical chemistry?". Both questions can be answered by similar data 240 obtained from the student body. Indeed, data from both the cohort themselves (in the form of the stop-startcontinue feedback), in addition to examination data can provide the basis for analysis of these methods used in analytical chemistry teaching at an undergraduate level.
As discussed above, and with reference to the literature, 26-28 mathematical skills form an integral part of analytical chemistry, and represent the backbone of a successful analytical pathway. Therefore, the student cohort was 245 offered the opportunity to spend some time with an internal mathematics expert from the institution mathematics help centre; more and more higher education providers are now investing in this resource for their student bodies.
The uptake for these tutorials was indeed significant, with a final register attendance of 96% upon completion of the final session, with average marks for practical and online assessments shown in Figure 3 . Feedback from these Page 10 of 20 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sessions was very positive, with students commenting that they could apply the topic to more than simply this 250 lecture course and topic, but to other components of the MPharm pharmacy programme. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 experimental error, usually reflected as a standard deviation or variance estimate, usually increases with the magnitude of the value (e.g., concentration variable) monitored, such a relationship will not necessarily apply with respect to marks attained by students in assessment tests, especially the investigation documented here which has an experimental design comprising the exposure of increasing numbers of MPharm students to focused tutorials. Indeed, this may be rationalised by the improvement of a significant number of potentially weaker 275 and/or less informed students following exposure to these tutorial sessions, but not so for those who were stronger and/or more fully informed. If this was the case, a decreasing level of mark distribution scatter or variance with increasing numbers of tutorial-incorporated students may be expected, although the ceiling of 100% will also serve to constrain such variance values. This may be rationalised by a consideration of relative contributions of students to their final mark outputs during this trial. The average marks for the numerical portions of self-assessments performed by the cohort on the online virtual learning environment (VLE) used by the institution increased with the number of tutorial classes held. In view of the high attendance, this can be attributed to familiarity with the material, and also confidence in applying the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 theories discussed with the session leaders. This session had not been offered in previous years of this module 290 operating, and therefore examination questions with mathematics components tended to be answered poorly, or not at all. This is particularly distressing, since confidence in mathematics is vital for practicing pharmacists in drug delivery and prescribing. Unlike previous years, more than half the cohort (n = 61) attempted the mathematically-based questions in the final section of the examination. Moreover, more than 60% of these achieved first class grades (i.e. > 70% mark level) in the questions with mathematical elements. This suggests that 295 dedicated time spent on statistics and mathematics in tutorial environments not only increases the understanding of the student body, but also the confidence to answer these respective questions. Since these skills were refreshed/taught to develop the students, they are found to perform better in numerically-based questions from the practical components and self-assessment tests online. This suggests that organising the mathematics tutorials early on is an excellent procedure to prepare the students for the remainder of the course. Animations to explain concepts 0 10 20
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Self-study questions 0 2 12 a Feedback reflects comments broadly grouped into the five comment areas described above. b Of the total cohort (N =110), 74 students opted to participate, yielding a response rate of 67%.
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A total of 89 students were present at the session where stop start continue feedback was obtained. Of these, 74 participated in the stop-start continue exercise, or 67% of the cohort (n = 110). This is a reasonable sample size ; it has often been pointed out that student response rates for surveys and feedback are notably low. 30 Indeed, higher education institutions often report feedback rates of 20-40%, prompting questions as to the validity of conclusions drawn from such data. 31 
310
The continue feedback in Table 2 suggests that the students respond positively to a number of the teaching and learning strategies used during the course of the lectures. Indeed, a large proportion of the participants appreciated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the uniformity and structure of the slides and handouts, and the fact that these were printed out and provided to them. Additional comments were made that this facilitated understanding by listening to the academic and engaging with the material, rather than concentrating on noting all the points verbatim, as some students do.
315
Indeed, a number of studies have shown that providing lecture notes has a tendency to promote less passive learning from a cohort, and encourages them to engage with the material more extensively so than that noted with simple transcription of notes.
32
The cohort appreciated the use of inventive teaching strategies, with 36% of responses featuring this theme. This included comments such as allowing students to see more advanced equipment in the tutorials (such as Mass 320 Spectrometers), and innovation in active learning strategies (props, student volunteers). The positive comments about the movement of the academic during the lectures were somewhat mitigated by the negative feedback, with 10% of students responding positively to the academic walking while delivering the material, and 7%
commenting on this in the Stop feedback. Animations featured positively in the feedback, although students requested more of these for the more complex concepts.
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The cohort appreciated the incorporation of self-test questions in the VLE, with 12% of positive comments; 2% requested this feature. It is likely that this 2% were not aware of the availability of the material, and therefore a slide showing the path to the VLE site was appended to each lecture, highlighting the various additional learning tools available. Positive uptake was observed as visitors to the VLE sub-site, and additional questions increased from 68% of the cohort to more than 90% once the online address and location had been included in the final slide
330
of each lecture past the mid-point feedback session.
CONCLUSIONS
Herein, the approach of a combined solution to analytical chemistry teaching has been described. By pooling novel and well-established pedagogical techniques to a course where the practical and theoretical components are providing any significant linkages between the topics discussed and presented to the students. However, the strategy presented here, and those of others, have shown the benefits of a so-called combined approach, where a logical progression of techniques, experimental practice and theory are developed, allowing the students to discover the links themselves and forging their own understanding of the topics within the module. [6] [7] [8] [9] Indeed, the merits of theories behind individual components of this course have been discussed in detail
355
elsewhere; however it is important for the whole to be applied as opposed to segmented pedagogical activities.
Swenson and Lents suggest that the use of virtual learning environments and virtual tutorials can improve the understanding of a student group. 1 This has advantages in terms of time constraints for the staff teaching the module, however does not include the individual contact time some student groups and groups of learners need in order to process and digest information.
360
Roche has discussed the merits of relating core theoretical concepts, such as structure activity relationships, to inherently practical and clinical practices of pharmacists, thereby providing context, and often initiative for the students to lead in their own learning. 3 Similar ideas have been applied to the course described in the current work, using research-based case studies in the lectures, tutorials and laboratory exercises to provide a link to current work being carried out in the field.
365
Benedict and Pence 18 have highlighted the incorporation of student-led teaching through modern learning technologies such as smartphones. Indeed, we have shown that students engage more actively with material when presented in different manners, such as employing in-class quizzes. There remains however the concern of smartphone availability for such practices. Moreover, some groups of students would be presented with difficulties if these were the only options of accessing material. It is widely known that most student groups in 370 top-tier US and EU institutions will likely have access to smartphone technology, however this presents difficulties to more disadvantaged groups and locations. One common alternative, as used in the course of this research, is clickers. Clickers are provided to the class and retrieved at the end of the session, allowing all students to engage individually with the questions presented in the lecture. Furthermore, the use of clickers has proven advantages over smartphones, owing to the range of distractions associated with personal electronics. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Student feedback for this module was very encouraging, and also highlighted the overall positive nature of the comments made by the cohort. Changes were incorporated into the delivery of the course following the mid-point feedback in the form of increased visibility of concept animations and self-test exercises, together with additional tutorial videos explaining more advanced concepts, as well as making additional resources available through online repositories. 34 The academic administering the analytical topic within the module either created these 380 tutorial videos, or suitable references materials from online video repositories were included. A uniformly positive range of feedback was obtained from the cohort, suggesting that these teaching and learning methods were successful in engaging the student body as a whole.
It is therefore recommended that this combined approach be considered for courses with significant theory/practice overlap, in which the cohort is able to engage with each component individually, and also relate 385 these topics together.
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Statistical analyses for the self-assessments: regression of marks by student number, predicted marks and quadratic fitting, including standardised coefficients.
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